WWOX is one of the largest human genes spanning over 1.11 Mbp in length at chr16q23.1-q23.2 and containing FRA16D, the second most common chromosomal fragile site.
Hosseini et al concluded that FRA16D/WWOX showed up to be the top CFS in epithelial cells but was also identified among the top three CFSs in lymphoblasts and fibroblasts. 7 The propensity of CFSs loci to breakage makes them prone to be affected with focal copy number variations (CNVs) that usually lead to interstitial chromosomal deletions and with fewer frequency duplications. 8 Importantly, genomic instability affecting specific CFSs were postulated to represent early events in the carcinogenesis process. 9, 10 Over the years it has been questioned whether CFS genes were or not genuine cancer gene targets or mere bystanders. [11] [12] [13] [14] Evidence from multiple studies has accumulated suggesting that indeed WWOX behaves as a low-penetrance tumor suppressor with far more significant roles for affecting tumor progression rather than initiation in specific tumor types. [15] [16] [17] [18] [19] Interestingly, loss of WWOX function has recently been associated with abnormalities in DNA damage repair (DDR), increased genomic instability, and resistance to chemoradiotherapy. 20, 21 In conjunction, the described observations place WWOX both as a target of and a contributor to genomic instability. In this review, we will discuss both of these aspects affecting WWOX in cancer development and progression along with potential mechanisms behind fragility at the FRA16D/WWOX locus.
| MECHANISM OF INSTABILITY AT FRA16D
Over the years, multiple models have been proposed to explain the underlying mechanisms behind the instability at CFSs, including genetic and epigenetic factors. Early on it was proposed that fragility could be caused by the abundance of AT-rich regions at CFSs with the consequent possibility for the formation of complex secondary structures that might slow down or block the progression of the replication machinery and ultimately leading to chromosome breakage. 3, 22 However, it has been reported that CFSs are not necessarily enriched in DNA flexibility peaks suggestive of increasing abundance of sequences prone to form complex secondary structures. 23 In addition, other AT-rich regions of the genome do not show signs of chromosomal fragility (Reviewed in Reference 24) . In later studies, Letessier et al showed the importance of replication origin density in determining instability at CFSs. 25 A comparison between the abundance of newly replicated DNA at CFSs with respect to nonfragile regions shows that replication origins located within CFS sequences are less efficient and are probably responsible for replication perturbation along fragile sites. The scarcity of replication initiation events within CFS core regions forces replication forks to advance from flanking regions thus covering long distances. Under such circumstances, replicative stress, for example, exposure to a DNA polymerase inhibitor like aphidicolin further impairs replication fork progression leading to partial replication, making the unreplicated regions prone to breakage. 25 Notably, the association of fragility at CFS due to the paucity of replication initiation events was shown to be cell type specific. As shown by Letessier et al, the link among replication origin density, delayed replication, and fragility was observed at FRA3B and FRA16D
in lymphoblastoid cells, but not in fibroblasts. 25 Similarly, when Hosseini et al compared the density of replication origins and replication timing in epithelial cells, they observed scarcity of replication initiation events within the FRA16D locus, but not FRA3B. 7 Thus, the variability in expression of fragility at individual CFSs in specific cell types was proposed to be directly associated to replication origin density. 25 As previously mentioned, most CFSs have been found to span large genomic regions and lie within some of the longest known genes. Helmrich et al have shown that transcription of very long CFSassociated genes such as FHIT, WWOX, and IMMP2L, typically spans throughout one complete round of the cell cycle and even extends to the following G1 or early S phase in lymphoblastoid cells. 26 Additionally, such long genes replicate late in the cell cycle. In such scenario, the transcription machinery and replication forks inevitably collide in S phase of the cell cycle, resulting in R-loops formation. R-loops are three stranded nucleic acid structures, composed of RNA:DNA hybrids between the nascent RNA and its corresponding DNA template strand, along with the single-stranded nontemplate DNA. 27, 28 Due to hindrance in the progression of the replication fork or exposure of the nontemplate DNA strand to cleavage or recombination, long genes with R-loops become hot spots for chromosomal fragility.
In their study, Helmrich et al showed that breakage at late replicating long CFS genes occurred when transcription and replication took place at the same time and on the same template establishing that indeed CFS instability is likely caused by R-loop formation. They also found that transcription and CFS expression are intimately linked, thus explaining as well cell type specificity. 26 Based on these observations and other reports supporting such findings, we analyzed the genomic region spanned by WWOX for potential R-loop forming sequences (RLFSs) using the R-loop prediction tool and database described by Jenjaroenpun et al (http://rloop.
bii.a-star.edu.sg). 29 This database allows searching for predicted RLFSs in a target gene and AE2 kb upstream and downstream flanking sequences. The key nucleotide sequence features for the computational prediction of a potential RLFS consist of a few short guanine clusters (G clusters), an R-loop initiation zone (RIZ) linker, and a G-rich R-loop elongation zone (REZ). 30 G clusters in RIZ are extremely important for the initiation of R-loop formation whereas the linker between RIZ and REZ can be of any nucleotide composition. We analyzed for the chromosome 16 sequence location of predicted RLFSs in the genomic region spanned by WWOX (ENST00000566780). The aforementioned computational tool identified 18 R-loop forming regions harboring one or more sequences with potential to generate R-loops in the WWOX gene transcribing strand (+ strand), all RLFS coordinates were mapped to the human genome assembly build 38 (GRCh38) ( Figure 1 , Table 1, and Supporting Information Table S1 ). Ten out of the 18 RLFSs (marked with an asterisk) are also experimentally supported by DRIP-seq and/or DRIPc-seq studies (Supporting Information Table S1 ). 31 Genomic regions with a higher number of RLFSs (marked by multiple arrows at R-loop forming regions) imply a higher propensity of R-loop generation. The GC skew value corresponding to each RLFS reflects the asymmetric distribution of guanine and cytosine between leading and the lagging DNA strand and is indicative of the thermodynamic stability of the R-loop formation (Table 1) . GC skew values >0.1 are considered G-rich regions, and a higher GC skew value suggests higher stability of RLFS. 29 Eleven out of the 18 identified RLFSs with high GC skew score are found within intron 8, a few on the 5 0 proximal end of this intron on the region spanned by the core of FRA16D, and the rest of RFLS clustering toward the 3 0 end of the gene ( Figure 1 and Table 1 ).
| CONSEQUENCES OF GENOMIC INSTABILITY AT FRA16D

| Focal deletions at WWOX locus in human cancers
We and others have shown that chromosomal region 16q23.1 harboring FRA16D/WWOX is a hot spot for focal deletions in many human malignancies. 4, 5, 15, 18, 32, 33 41 ovarian serous cystadenocarcinoma (6.1%) 42 (and provisional data), uterine endometrial carcinoma (5.3%) 43 (and provisional data), and lung adenocarcinoma (3.2%) 44 (and provisional data) ( Figure 2 ). As per GISTIC2 analyses (www.firebrowse.org), 45 all deep WWOX deletions in these tumor types are of very high statistical significance with focal deletions at the 16q23.1 locus being the first and second most significant of all focal genomic deletions found in stomach and esophageal cancers, respectively ( Figure 2 ).
| WWOX copy number losses in esophageal adenocarcinoma
Multiple localized somatic copy number alterations have been suggested to contribute to esophageal carcinoma development. 46 Among these, loss of heterozygosity (LOH) and homozygous deletions affecting WWOX and FHIT have been reported in esophageal adenocarcinoma (EAC) suggesting a role for genomic instability at CFSs in EAC etiology. [46] [47] [48] [49] Using the cBioPortal copy number segment resource, 36, 37 we mapped all intragenic WWOX deep deletions (as per Esophageal carcinoma n = 184 (Reference 38 and provisional data), stomach adenocarcinoma n = 478 (Reference 39 and provisional data), colon adenocarcinoma n = 439, 40 bladder urothelial carcinoma n = 413, 41 Figure 3E ). We also observed a correlation between WWOX copy number losses and increasing degree of dysplasia (not shown). These observations are in close agreement with a previous study by Gu et al, 49 who reported that copy number losses at FRA16D/WWOX and FRA3B/FHIT loci were the first detected genomic aberrations in the sequential progression stages from Barrett's metaplasia, through low and high-grade dysplasia and ultimately EAC. Losses affecting these two CFS targets were observed with high frequency at the 55 Acetaldehydes were also shown to delay replication fork progression and effectively block DNA replication elongation in a dose-dependent manner. 58 PhIP is one of the most abundant heterocyclic amines formed during cooking meat at high temperatures. 59 PhIP forms bulky DNA adducts at the C8-position of guanine (C8-PhIP-dG) following metabolic activation. 60 Formation of DNA adducts by alcohol derived reactive acetaldehydes and C8-PhIP-dG adducts in proliferating cells can interfere with the DNA replication machinery by blocking replicative polymerases. 58, 60 The DNA adducts can trigger replicative stress by stalled replication forks and reduced fork speed which can give rise to genomic instability at CFSs like WWOX.
Thus, it is possible that the common exposure to dietary genotoxins and other genomic insults prone to induce replicative stress can explain at least in part the high frequency of WWOX deletions observed in cancers of the gastrointestinal tract ( Figure 2 ).
| WWOX translocations and deletions in multiple myeloma
Originally Yunis et al speculated that CFSs were directly linked to cancer-related chromosomal translocations due to the apparent proximity of several CFS loci to cytogenetically detected translocation break points mostly in hematologic malignancies. 2 However, with the development of higher resolution methodologies, it was concluded that for the most part CFSs are predominantly associated with CNVs rather than translocations. 24 Genomic regions with RFLS within WWOX appear more associated with deletions than with MM translocation break point locations.
As mentioned earlier, RFLS #6-10 appear intimately linked to the core of FRA16D and to deep deletions observed in esophageal ( Figure 1 
| WWOX IS A HOT SPOT FOR GERMLINE CNV POLYMORPHISMS
DNA structural variations in the form of deletions and duplications also exist as widespread germline (ie, constitutional) polymorphic variants in the human population. 72 Such germline CNVs not only contribute to human genetic and phenotypic diversity but also play important roles in susceptibility to a broad spectrum of genetic and developmental disorders. 73, 74 We have discussed the common occurrence of somatic WWOX CNVs in cancer development and progression, however little is known about the relevance of germline WWOX CNVs as predisposing factors for human disease.
We explored the distribution of germline CNVs mapping within WWOX in normal population by using the nonredundant structural variants reference sets at the NCBI database of Human Genomic Structural Variation dbVar (https://www.ncbi.nlm.nih.gov/dbvar/). 75 In Figure 4 , we display the distribution of mostly intragenic WWOX (Figure 1) . Importantly, this last region of common break point in normal individuals (RLFS #6 and 7) also overlaps the 5 0 outer edge of common break point for deletions found in cancer (Figure 1 ). Additional less prominent hot spots for common deletion variants can also be observed in regions within intron 8 which again appear in close proximity to RFLS rich regions (Figures 1 and 4 ). These observations emphasize the notion that R-loops are the likely culprits for generating genomic fragility and rearrangement at the FRA16D/WWOX locus even in the normal healthy population. It is precisely this intrinsic fragility which is the cause for generation of germline disease susceptibility variants and hot spots for somatic rearrangements in conditions such as cancer.
So far, only one small specific CNV mapping to intron 5 of WWOX has been reported to be associated with cancer in Han Chinese population. It was reported that germline variant originally identified as CNV-67048 of 13.3 Kbp in size mapping to chr16:76929120-76942453 assembly NCBI36/hg18 (chr16:78337722-78351055 in GRCh38/hg38) has been linked to the risk of lung cancer, 76 gliomas, 77 ovarian cancer, 78 and also to chronic obstructive pulmonary disease. 79 It must be noted that CNV-67048 does not correspond to any currently existent nomenclature, however, based on its chromosomal coordinates is the same as esv22307 originally described as a complex variant for both copy number losses but also gains in humans 80 and not just losses as reported in the aforementioned previous studies. [76] [77] [78] [79] It is worth noting that esv22307 lies within the previously described hot spot for germline duplications and deletions within intron 5 of WWOX (Figure 4 ). Table 2 in which corresponding pathologic condition is indicated. Two cases reported for the variant are indicated by asterisks was also observed when exposed to IR at 7.7 Gy and above compared to WWOX sufficient cells ( Figure 6B ). 21 We observed similar results in Wwox KO mouse embryonic fibroblasts (MEFs) when compared with wild-type (WT) counterparts, with Wwox KO cells surviving 10-fold better than WT cells when exposed to IR doses of 7.7 Gy and above, and such IR resistant phenotype in Wwox KO MEFs was reverted upon ectopic Wwox expression. 21 We also investigated the effect of WWOX expression in MDA-MB-231 breast cancer cells nat- cal trial we performed survival analysis of a publicly available dataset of NSCLC patients that received radiation therapy post-surgery (caArray dataset) using MK-plotter (http://kmplot.com/analysis/). 94 Like in the discussed study with adjuvant chemotherapy, we observed that patients receiving radiation therapy with significantly decreased FIGURE 6 WWOX deficiency increases resistance to DNA damage inducing agents. Representative data from our previous study showing that WWOX deficient cells exhibit increased survival following treatment with DNA double-strand break inducing agents. 21 Normal human breast epithelial cells MCF10A were stably transduced with lentiviruses encoding two independent WWOX shRNAs thus generating WWOX deficient clones. In this figure, we are showing data from one of the WWOX shRNAs (shWWOXB as shown in Schrock et al 21 )
. Lentiviral scrambled shRNA (Scr RNA)-transduced WWOX sufficient MCF10A were used as control. Control and test cells were exposed to increasing dose of bleomycin concentration or ionizing radiation. Immediately after radiation exposure and 2 hours after bleomycin treatment cells were plated for clonogenicity assay. 21 Bar graph shows the percentage survival of WWOX sufficient MCF10A-Scr RNA and WWOX deficient MCF10A-shWWOX clones following bleomycin (A) and ionizing radiation (B) treatment. Experiments were performed in triplicate; error bars represent AESEM WWOX expression in their tumors exhibited shorter overall survival, suggesting poor response to radiation therapy ( Figure 7C ). Similarly, analysis of ovarian cancer patients exhibiting p53 mutations and treated with cisplatin (datasets GSE26193 95 and GSE63885 96 ) showed that patients with lower WWOX tumor expression exhibited significantly decreased overall and post-progression free survival ( Figure 7D ,E). We observed a similar outcome in brain cancer patients treated with radiation in our previous study. 21 In a large cohort of brain cancer cases, no significant difference in overall survival was observed when patients were stratified based only on WWOX expression; however, in patients treated with radiation, low WWOX tumor expression significantly correlated with decreased overall survival. 21 Altogether, these results suggest that lower WWOX expression negatively affects response to cisplatin or radiation treatments in NSCLC, ovarian cancer and glioma and that WWOX tumor expression may serve as a predictive biomarker to indicate efficacy of DSB-inducing therapies.
In order to elucidate the underlying mechanisms on WWOX defi- protein, which is a key driver of HDR in cells. 21 We hypothesize that such BRCA1-WWOX interaction is linked to supporting NHEJ as a dominant DSB repair pathway in WWOX-sufficient cells. However, FIGURE 7 Lower WWOX expression correlates with a decrease in overall survival in cancers following DNA damage inducing therapy. Overall survival (OS) plots of non-small cell lung carcinoma (NSCLC) (dataset GSE14814
93
) stratified by WWOX expression. In (A), we show patients that have undergone surgery alone (n = 62), and in (B) those treated with cisplatin and vinorelbine adjuvant post-surgery (n = 71). Results on OS from a different NSCLC dataset (caArray) from patients that received radiation therapy post-surgery (n = 23) are shown in (C). As can be observed, patients from the surgery only group (A) do not show significant differences in OS. On the other hand, patients with lower WWOX expression (black line) in their tumors display significantly reduced OS upon treatment with DNA damaging therapies, cisplatin (B) or radiation (C). D and E, Kaplan-Meier plots for p53 mutant ovarian cancer cases treated with cisplatin (datasets GSE26193 95 and GSE63885 96 ). Lower WWOX expression (black line) correlates with decrease OS (n = 469) (D) and decrease post-progression survival (n = 316) (E). *Kaplan-Meier log rank P value <0.05 an important ambiguity to this understanding is that HDR is conventionally considered to be the error-free repair pathway. 97 20 Taken together, these studies emphasize the role of WWOX in conferring sensitivity toward cellular stress, thereby playing an important role in contributing toward the maintenance of genomic integrity.
| CONCLUSIONS
In this review, we reevaluated the status of WWOX as a target of genomic instability due to harboring the core of CFS FRA16D. We 
